We use Molecular Dynamics simulations to study how the nanopore and the fluid structures affects the dynamic, thermodynamic and structural properties of a confined anomalous fluid. The fluid is modeled using an effective pair potential derived from the ST4 atomistic model for water.
I. INTRODUCTION
Water is an important material in industry, technology and biological processes due to its unusual properties. Water unusual properties comprise many anomalous behavior, with 70 known anomalies 1 , like the maximum value of its density in T = 4 o C at room pressure, and the increase of the diffusion as the system is compressed [2] [3] [4] . These anomalies have been explained in terms of the formation of hydrogen bond network. The water molecules form open and compact (bonded and nonbonded) clusters of tetramers. From the competition between these structures the anomalies arise.
As a natural consequence of the polimorphism of water clusters the pressure-temperature phase diagram of water is very complex. At low temperatures, water shows a coexistence of two amorphous phases: a low density amorphous and a high density amorphous. For higher temperatures, these two amorphous phases might lead to the appearance of two liquid phases, separated by a first order phase transition line ended in a liquid-liquid critical point (LLCP ). Whereas, homogeneous nucleation occurs in this region, that is called no man's land, and because of that, it is a incredible hard task to do experimental measures of liquid water in bulk systems in this region. Theoretically, the existence of these two liquid phases was evidenced in the atomistic ST4 model by Poole and co-authors 5 and confirmed in recent simulations 6, 7 . As well, new experiments shows a evidence of the coexistence of a high-density and low-density liquid phase of water 8 . A LLCP was also predicted for others atomistic models of water [9] [10] [11] [12] [13] [14] , and in models for phosphorus 15 , silica 16, 17 , silicon 18 , carbon 19 , hydrogen 20 and colloidal systems 21 . On the other hand, recent studies suggests that the LLCP can be a open trend on supercooled water and other materials. [22] [23] [24] . In this way, there is still several open questions about the LLCP .
As an attempt to avoid the crystallization of water in the no man's land, experiments with nanoconfined water have been performed recently [25] [26] [27] . The presence of a confining structure changes the number of hydrogen bonds, avoiding the nucleation. Some experiments of water confined in nanopores, performed by x-ray and neutron scattering, show that liquid states persist down to temperatures much lower than in bulk [28] [29] [30] . The nanopores size has important influence in the crystallization of the system 28, [30] [31] [32] [33] , and hydrophilic and hydrophobic nanopores can lead to distinct results as well 29, 34 .
Classical atomistic models for water are important tools to understand its properties.
On the other hand, coarse-grained models arise as an interesting tool to see the universal mechanisms that lead to anomalous waterlike properties. Coarse-grained models may reproduce diffusion and density anomalies and can be modeled by core-softened (CS) potentials with two length scales, that can be constructed using a shoulder or a ramp potential [35] [36] [37] [38] [39] [40] .
These coarse-grained models for anomalous fluids are able to capture the bulk waterlike anomalies and averaged properties in the confined materials. When confined by fixed hydrophilic plates, the fluid-wall interaction can induce solidification and shift the anomalous properties to higher temperatures, while hydrophobic nanopores lead the system to remain in liquid state and shift the waterlike anomalies to lower temperatures in relation to bulk 41, 42 .
Whereas, when the nanopore has at least one degree of freedom, the anomalous behavior of the fluid disappear and distinct phase transitions are observed [43] [44] [45] [46] . CS fluids confined in nanotubes also present interesting findings, similar to obtained in atomistic models for water, as the increase in diffusion coefficient and flux for narrow nanotubes associated to a layer to single-file transition and a discontinuity in the enhancement flow factor [47] [48] [49] . The drawback of these core-softened potentials is that due to the simplicity of the two length scales, they are not capable to reproduce the effects related to the third coordination shell of the anomalous fluid what might be relevant under confinement 50 .
In addition to the relevance of the detail structure of the liquid, the structure of the confining system is also relevant since biological and physical materials do not exhibit the smoothness and regularity of the flat walls and tubes enployed in the simulations. This naturaly raises the question of what is the role played by the structure of the liquid and of the interface in the thermodynamic, dynamic and structural behavior of confined systems.
Recent simulations have shown that the hydrophobic or hydrophilic behavior of the confining surfaces are governed by the interfacial free energy, that strongly depends on the surface structure 51 . Even thought these simulations do not observe important differences in the diffusion of the systems confined between smooth and rough walls 52 , they show that the adsorption behavior and the solvation pressure are significantly affected by the roughness of the confining surface 53 and that different liquid and solid phases that exist in the smooth confined are not present in the rough case 44 .
In this work we address the question of which are the effects of the roughness of the nanopore wall in the physical properties of a anomalous fluids. Our analysis is done in the framework of an effective model that incorporates not only the two length scales traditionally present in the CS potentials but additional length scales representing the third coordination shell of the fluid. Our goal is also to understand the effect of the structure of the liquid in the thermodynamic, dynamic and structural properties of a fluid confined in a nanopore.
The paper is organized as follows: in Sec. II we introduce the model and the methods and simulation details are described; the results are given in Sec. III; and conclusions are presented in Sec. IV.
II. THE MODEL AND SIMULATION DETAILS
In this paper all physical quantities are computed in the standard LJ units 54 ,
for distance, density of particles and time , respectively, and
for the pressure, energy and temperature, respectively, where r 0 is the distance parameter, γ the energy parameter and m the mass parameter. Since all physical quantities are defined in reduced LJ units, the * is omitted, in order to simplify the discussion. 
with the parameters given in the Table I . Fig. 2 shows the potential versus distance in dimensionless units. In this work, we use ǫ/γ = 0.02. This effective potential was derived from the Ornstein-Zernike and integral equations applied to the oxygen-oxygen radial distribution function of the atomistic model ST4 56 . At short distances it shows two characteristc length scales: one at r 1 ≈ 1.1 and another at r 2 ≈ 1.6, as in the usual coarse grained potentials proposed to model the anomalous liquids.
In addition a third length scale at r 3 ≈ 2.2 is also present. Since the derivation of the potential was based in the oxygen radial distribution function these length scales represent the oxygen-oxygen distances related to the relevant coordination shells in the liquid. The bulk system exhibits waterlike anomalies, and the liquid-gas and liquid-liquid critical points predicted for water 55 .
In the confined system the particles of the fluid interact with the wall by the Weeks-
where U LJ (r) is the standard 12-6 LJ potential 54 . The cutoff distance is r cw = 2 1/6 . For smooth plates, the interaction occurs just in z direction and the potential is written as The dynamic, thermodynamic and structural properties of the fluid was studied using molecular dynamics simulation in the NV T ensemble. The Nose-Hoover thermostat was used to fix the temperature, with a coupling parameter Q = 2. The interaction potential between particles, Eq. (3), has a cutoff radius r c = 3.5. Since the fluid is confined in the z direction, the thermodynamic averages was calculated in components parallel and perpendicular to the plates 58 . The systems have periodic boundary
conditions in x and y directions and they are extensive just in area and not in the distance between the plates. In this way, only the parallel pressure might scale with the experimental pressure and the quantities of interest are related to parallel direction.
The parallel pressure was calculated using the Virial expression for the x and y direc-
where V is given by
The lateral diffusion coefficient, D , was calculated using the mean square displacement (MSD), related from Einstein relation,
where r = (x 2 + y 2 ) 1/2 is the parallel distance of the particles.
The structure of the system was studied considering the lateral radial distribution function, g (r ), calculated in specific slabs between the plates. The definition of the g (r ) is usually given by
The θ(x) is the Heaviside function and it restricts the sum of particle pairs in the same slab of thickness δz = σ. The g (r ) is proportional to the probability of finding a particle at a distance r from a referent particle. A schematic depiction of the system confined by smooth plates is shown in the figure 1(a).
First, the effect of the structure of the liquid when confined by an uniform field is checked. and coarse grained approximations with three body terms as mW 60 model.
For higher degrees of confinement, d = 2.5, the fluid is structured in one or two layers, depending on the density of the system. Fig. 3(a) shows that two layers are observed for high densities (ρ = 0.587), while one layer occurs for low densities (ρ = 0.192). The mechanism for the presence of different structures goes as follows. For low densities the wall does not induce correlations and layering at the z direction therefore one layer or bulk structure is formed. As the density becomes higher, the competition between particle-particle and wallparticle interactions leads to the formation of layers. Since the distance d = 2.5 does not allow formation of layers with distance r 3 − r 1 ≈ 1.1 from each other (minimum energy), the layers are at a distant r 2 − r 1 ≈ 0.5, which is the second lowest energy potential. In addition to the anomalous dynamic properties of the confined liquid, the thermodynamic and phase space were also explored. The system with d = 2.5 illustrated in the with the bulk system. However, the T MD line and the LLCP could not be determined.
Due to the increase of the entropic effects for a system under confinement the melting line and the LLCP should in principle move to lower temperatures. Whereas, we observed that the melting temperatures (T m ) for the confined systems are higher than the bulk system.
In addition the change in the value of T m is not monotonic with d similarly with what is observed in atomistic 29 and waterlike fluids 41 .
In order to understand why the melting line moves to higher temperatures, covering the T MD and the LLCP , the structure in this region was analyzed. For this purpose, the transition is analyzed for d = 2.5 and d = 5.2. Experimental results show a non-monotonic behavior for the melting line and a strong dependence with the quality of the nanopore walls 29 what is observed in our results. In the next section we will exam how the structure of the plates also have important effect in the solidification of the system and in the location of the anomalies and critical points.
Structured plates
The second scenario we address here is the effect of the structure in the wall has in the thermodynamic and dynamical behavior of the confined liquid. In this case, the plates are constructed by spherical particles in a square lattice, as sketched in Fig. 1 (b) . The interaction potential between fluid particles and walls particles is given by the WCA potential (Eq. 4). A layering structure similar to picture observed for smooth plates analyzed in previous section is also present for structured plates. In Fig. 9 the transversal density Comparing the dynamical behavior of the systems, we verify that the fluid confined between structured plates behaves completely different from the smooth cases, particularly
for small values of d. For d = 2.5, systems confined by smooth plates shows a large region of pressures and temperatures in which the diffusion anomaly is present (Fig. 4) , while for structured walls, the fluid dynamically behaves like normal systems, without diffusion anomaly for the range of temperatures studied. The reason for this difference is that the structure of the wall plays a very important role in the structure of the liquid close to the wall and since at d = 2.5 the liquid is closer to the wall when compared with the smooth plates, the structure the wall determines the arrangement of the liquid. The liquid particles will be able to occupy the space between the wall particles.
The parallel pressure versus temperature phase diagrams are shown in the Fig. 11 for ( For structured nanopores with d = 2.5, the density and diffusion anomalies and the LLCP are not observed outside the amorphous regions. This is an effect of the influence of the wall-water potential that favors particles close to the wall to occupy the spaces between wall particles. Then the particle-particle two length scales competition that leads to the presence of density and diffusion anomalies does not happen, instead there is a competition between particle-particle and wall-particle interactions. The solidification for the system in this case is similar to what happens in the last section for d = 4.2, d = 5.2 and d = 8. In this case, however, the melting temperatures are lower than in the smooth potential case.
The competition between the wall-particle interaction that favors one solid arrangement with the particle-particle interaction that favor other arrangement explains the difference between the melting for rough and smooth walls. Classical water model TIP5P confined between structured hydrophobic plates also presents a shift for higher temperatures 65 . The Fig. 12 summarizes the behavior of (a) LLCP and (b) V LCP for the different nanopores sizes and structured walls. The location of both critical points changes with the distances between the plates. As the nanopore width d decreases, the LLCP goes to lower temperatures and higher pressures, while the V LCP is shifted to lower temperatures and lower pressures too.
IV. CONCLUSIONS
In this work we have studied the effects of the nanopore structure and of the water potential length scales in the waterlike properties of a anomalous fluid. First, we tested the effect of using a three length scales potential for analyzing the fluid behavior. In this case the system confined by very small distances exhibits a different behavior when compared with confinement by intermediate and large distances. This difference can be explained by the the arrangement of the fluid particles in the first, second or third length scale of the potential.
Then we check the differences in the thermodynamic and dynamic anomalies of the fluid when it was confined between smooth and structured walls. When observed, the density and diffusion anomalies are shifted to lower temperatures and higher pressures in relation to bulk for both kinds of confinement. However, the critical points and the limit between solid and fluid phases present a significant difference for each system. 
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